Pioneer 10 (P10) and Pioneer 11 (Pll) observations
and suggest that the modulation boundary of the heliosphere is far beyond 65 AU. Generally concordant, but less decisive, evidence of a similar nature has been reported previously by Van Allen [1993] , Van Allen [1996] , and Webber and Lockwood [1995b] .
Introduction
This paper reports the intensity of galactic cosmic rays J(Ep > 80 MeV) within the solar system as observed by Pioneer 10 (P10) and Pioneer 11 (Pll) during a period of over 24 years and out to a heliocentric radial distance of 65AU. It updates our previous studies [e.g., Van Allen and Randall, 1985; Van Allen, 1988 ] of the modulation of intensity by solar activity via the magnetized plasma flowing outward from the Sun, and improves knowledge of the incomplete recovery of intensity in the outer heliosphere following the noteworthy Forbush decrease in 1991 [Van Allen and Fillius, 1992; Webber and Lockwood, 1993; Van Allen, 1993 , 1996 .
Longer-term and still elusive objectives are to observe transition phenomena at the modulation boundary of the heliosphere and the cosmic ray intensity beyond that boundary in the nearby interstellar medium, such intensity being by definition independent of solar activity. Because of the remoteness of all plausible sources of galactic cosmic rays, it is expected that the intensity in the interstellar medium is spatially uniform in the astronomical vicinity of the solar system and constant over time periods of the order of millennia or greater.
Also it
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is expected that the intensity in the interstellar medium is greater than at any point within the heliosphere. The latter expectation is an extrapolation of the fact that the observed intensity within the heliosphere is greatest when solar activity is the least and least when solar activity is the greatest, aside from a time lag of the order of a year.
These simple expectations ignore the anomalous (cosmic) radiation, which is believed to consist of interstellar thermal atoms that have drifted into the heliosphere and been ionized therein, picked up by the magnetic field of the outward flowing solar wind, and accelerated at the heliospheric termination shock to energies up to some tens of MeV [Fisk et al., 1974; Pesses et al., 1981] et al., 1995; Christian et al., 1995] , whose maximum contribution to our counting rates is estimated to be less than 1%. However, for instruments having substantially lower energy thresh- (October 1996) , and the present position is as follows: heliocentric distance r = 65.9 AU, ecliptic longitude _ = 75°, ecliptic latitude /3 = +3.0°, and heliographic latitude /3' --+3.1°. The present radial component of heliocentric velocity is 2.61 AU yr -1. The entire trajectory has been, and will continue to be, within the heliographic latitude range -7.6°< _' < +8.6°( Figure  1 ). and Van Allen and Randall [1985] . The preflight values of the RTG corrections as reported in the earlier of these two references were found to be substantially too great (presumably because of room scattering) when Pioneer 11 passed under the rings of Saturn and in to 1.34 planetary radii in September 1979. All of our subsequent interplanetary work has used the revised corrections, as described in the second of the aforemen- Figure 4 , also from Van Allen and Randall [1985] . The counting rates as corrected by the procedures described above are referred to herein as "observed" rates.
Temporal Variations
The observed counting rates are, of course, a composite function of time (i.e., solar activity) and of the positions of the two spacecraft in the solar system. The most prominent feature of the data is the l 1-
year cyclic variation of intensity over two solar activity cycles in ant±correlation with the level of solar activity as measured by sunspot numbers, a well-known effect first found in ground-based ionization chamber data [Forbush, 1954] . The three successive P10 maximum/minimum (max/rain) intensity ratios in Figure 1976, 1979] .
Since the encounter of Pll with Jupiter the difference of radial distances Ar = (r10-r11) of the two spacecraft ( Figure 5 ) has increased monotonically from a local minimum of 1.21AU at that time to the present value of 19.2AU. Since 1982, Ar has been greater than 15 AU; its asymptotic rate of increase is 0.18AUyr -1. It is noted that a typical solar wind speed of 450 kms -1 [Gazis, 1996] corresponds to a purely radial time delay At/Ar = 3.85 d AU -1.
The full run of data shown in Figure 2 has general similarity to the run of data for the same epoch ( It is clear in Figure  2 that the peak-to-peak dependence of J (Ep > 80 MeV) out to at least 65 AU is of lesser magnitude than the cyclic temporal variation. In a broader context it is also clear that a full determina- Because of the nature of the trajectories of P10 and Pll ( Figure  1 ) the data shown in Figure 2 refer to ob-servations in the range of ecliptic latitude -30 < fl < +170 . As was discussed in section 2, the major features of the data and most, though not all, of the more detailed features are well correlated between P10 and P11, despite large differences in longitude, with a time delay approximated by (t) is the simultaneous ratio of intensity at r and at r + Ar, ignoring the differences in latitude (Aft) and in longitude (Ag). The value of At for an adopted vsw = 450kms -1 lies in the range 7 to 74 days. The time dependence of the ratio is plotted in the top panel of Figure 8 and the corresponding values of rl0 and rll and Ar are shown in Figure 2 and Figure 5 . In the context of the present paper the most important feature of these data is the rapid decline of the counting rate ratio in recent years to a value approaching unity. The inference of an apparent radial gradient proceeds as follows: An idealized k5 , , , (relative)radialgradient, integral overthe cosmic ray spectrum but differential in radiusr, is defined by 
The observed quantity C,o(,-+ ,',,'), k(
where k is the ratio of geometric factors of the two de-
tectors.
Hence by (4) and (5) 1 small Ar (_ few AU) and small A3 (_ 10°). It is also exacerbated by the inevitable coupling of (gr) and (gz), often assumed to be independent, and by dissimilar temporal variations at two different spacecraft. Realistic examples of the k sensitivity of (g_) as shown for our data in Figure  8 are as follows, using equation (6). As one example, if C10(t + At)/Cxl(t) = 1.4 and Ar = 15AU, then (g_) is equal to +2.24% AU -1 if k = 1.0 but is equal to +1.61% AU -1 if k = 1.1 and is equal to +2.94% AU -1 if k = 0.9. As a second example, ifClo(t+At)/Cll(t) = 1.04 and Ar = 19AU, then (g_) is equal to +0.21% AU -1 if k = 1.0 but is +0.76% AU -1 if k = 0.9 and -0.29% AU -1 if k = 1.1.
A more general presentation of the problem of separating positional from temporal variations using a small number of observing spacecraft in the heliosphere is along the following lines: Suppose that a spacecraft is observing J(_', t) as it moves at velocity V. Then
The observed quantity is the total derivative dJ/dt but there is, in general, an unknown combination of contributions by the two terms on the right-hand side of this equation. This uncertainty also prevails for an integration of (7) over a finite interval t to t + At and over the corresponding motion in spatial coordinates.
It is often hoped that time-delayed comparisons of J at two nearby spacecraft minimize the contribution of the first term and make possible a determination of grad J.
However, this may not be true.
Because of the aforementioned considerations we have investigated a different, and perhaps clearer, approach to the analysis of our P10 and Pll data, as described in the following section. However, even this approach has some of the same hazards as well as additional ones. On the one hand, the GSFC (E > 70 MeV) and Chi (E > 105 MeV) rates have a solar cycle max/min ratio of 4 to 5, about twice that for our P10 and Pll ratios as well as that for our earlier Explorer 35 ratio. Inasmuch as our Geiger tubes are reasonably certain to integrate the cosmic ray spectrum with equal weight from 80 MeV to infinity, it appears that the GSFC and Chi telescopes do not count protons having near-minimum specific ionization andtherefore givegreater weight to lower-energy particles whose solarcyclemodulation is greaterthanthat for the entirecosmic ray spectrum. Also,wefindthat theregression loops ofbothbodies of dataagainst neutronmonitordatadrift monotonically asa functionof time in the directionofslowlydiminishingsensitivity.On the otherhand,the APL data havea solarcyclemax/rainratioof about2.5,similar to thatfor P10andPll. Also,priorto September 1989 theAPLdatashow notemporal drift in theirregression relationship to neutronmonitordata(Climaxor Deep River)whichweregardasthemosttrustworthy standardsof cosmic ray intensityat 1.0AU, albeitwith a different energy sensitivity thanthatofanyofthespacecraftdetectors. Onthebasis of these considerations we judgethat theAPL dataarethemostappropriate for comparison toourP10andPll data.However, in early September 1989 the anticoincidence shieldof theAPL telescope suffered afailurewhich, ineffect, increased the telescope's geometric factor(T. P. Armstrong, private communication, 1995), andtherewasa discontinuous increase in the reported rates. In Figures9 and 10we plot the ratio of reported 26-day simultaneous ratesAPL/GSFC versus timeand APL/Chiversus time,respectively. Thesetwofigures exhibitthe relativesolarcyclemodulations, thegradualtemporal driftsof the GSFCandChisensitivities, andtheSeptember 1989 discontinuity intheAPLrates. A specific objectiveof moredetailed analysis is to determinethe magnitude of the APL discontinuity. To thisend, weadoptafive-parameter relationship, includinga quadratic temporal variation in GSFC sensitivity, between the APL andGSFCratesanddetermine the parameters by a multidimensional leastsquares analysis. Theresultingvalues of the normalized, detrended GSFCdataaredenoted bythe symbol GSFC.In Figure ,..,.,,.:,,, . and Figures 11 and 12 we find 0.64 (+0.01) as the factor by which APL rates after day of year (DOY) 246, 1989, must be multiplied in order to adjust them to the same basis as before that date.
Comparison
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The results
are exhibited in Figure  13 . The corresponding numerical table has been adopted as our IMP 8 reference standard at 1.0 AU. In Figure 14 we plot the (unnormalized) time-delayed ratio of the rate of P10 detector C10 to the rate of IMP 8 (as adjusted) as a function of Ar = (rl0 -1.0) using a constant v,w = 450 kms -1 [Gazis, 1996] . The corresponding times at the Earth are also shown on these graphs.
Ideally
Vertical Figure  13 . Our adopted time dependence of adjusted APL rates on IMP 8, 1974 IMP 8, -1996 as described in the text. 
computed by the equivalent of equation (4).
2. Then following a brief hiatus, 1989-1991, the trend of the ratio versus Ar changes dramatically and the slope of the second line is S = -2.7 (-t-0.4)% AU -1
for the period 1991-1994.
3. Finally, S appears to be approaching zero for the past 2 years. 4. Also, it is noted that the slope S over the full range 4 < Ar < 64 AU is 1. For the range 0 < Ar < 30 AU (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) ,
2. For the lesser range 9 < Ar < 30AU (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) , S = +1.6 (4-0.2)% AU -_ .
3. As in Figure 14 , there is a discontinuous change in slope in [1989] [1990] [1991] and for the period 1991-1993 S = -2.7 (4-0.4)% AU -1 .
4. The value of S appears to be approaching zero during the subsequent 2 years. Figure 14 , the long period of positive S and the shorter period of greater negative S tend to cancel each other and the value of the slope of a line between the two end points of the graph in Figure 15 is
Again as in
We now have tentative evidence that the downward sway in Figure 15 during 1979-1983 and the corresponding upward sway during the same period in the bottom panel of Figure 8 only slightly during the past 10 years (Figure 3) , the recent reversals of the algebraic sign and magnitude of S are robustly insensitive to uncertainties in these corrections.
Further
Remarks on Temporal
Variations
As is shown in Figures  14 and 15 as of termination of this mission in early 1995 (Figure 15 ). At that time the Pll intensity is leveling off at a value nearly the same as its maximum value at 6 AU in [1977] [1978] and at 89% of its maximum value at 25AU in 1987. Indeed, the intensity at P10 at 65AU is nearly the same as that at Pll at 42 AU. At 1.0AU the IMP 8 (adjusted) intensity is now about 94% of its [1977] [1978] maximum and about 88% of its 1987 maximum ( Figure  13 ).
The interpretation of Figures 14 and 15 is simply that the cosmic ray intensity in the outer heliosphere has recovered less completely than has the intensity at 1.0AU ( Figure 13 ) following the extraordinary solar activity in 1991 that produced large Forbush decreases at all four outer heliospheric spacecraft P10, Pll, V1, and V2 as well as at the Earth [Van Allen and Fillius, 1992; Webbet and Lockwoood, 1993; McDonald e_ al., 1994; Whang and Burlaga, 1994] and that subsequently shocked the magnetopause into notably intense emission of 2-3 kHz radio waves [Gurnetl et al., 1993; Gurnett, 1995] . The latter authors estimated heliocentric distances to the magnetopause of 116-177 AU and to the termination shock of 87-133 AU. Our results also suggest that the cosmic ray modulation boundary of the heliosphere lies far beyond 65 AU because of the sluggish and incomplete recovery of cosmic ray intensity at that distance.
The observed transitions of S from positive to negative values ( Figures  14 and 15 ) were essentially simultaneous with a switch of magnetic polarity of the Sun from A < 0 to A > 0, but it is a matter of conjecture as to whether this switch is the root cause of the transitions or is merely coincidental in time [Gurne_t and D'Angelo, 1982] . 
Summary

